
Fermilab 
RADIATION PHYSICS NOTE t14 

October 15, 1976 

To: Chuck Brown 

From: Peter Gollon iLi%dL-. 

Subject: Doses From Hadron Beams 

I have looked at the question that you and B. J. Halt 
raised concerning conversion from hadron flux to dose (rads) 
and dose-equivalent (rems) for high energy hadron beams. I 
will present an analysis which should be comprehensible to 
experimenters whose knowledge of radiation protection doesn't 
seem to extend past the blue-book tables. 

1. Minimum-ionizing muons lose energy in carbon at about 
1.7 MeV/gm cm"; or 2.7 x 10" rad/muon cm-'. Inverting 
this gives the canonical 3.7 x 10' muons/cm2 rad. 

2. High energy protons lose energy by ionization at an 
identical rate. They also deposit energy as a result of 
strong interactions with nuclei, such energy is deposited 
via nuclear fragments, secondary p, n', y from R", etc. 
We have measured2 the total energy deposition in a shorter 
(X/5), narrower (1" dia.) Be target to be twice that 
resulting from the primary ionization alone. 
and Chandler1 

Armstrong 
calculate a total energy deposition for a 

broad-b&am irradiation of a 30 cm slab of tissue of about 
5 times the primary ionization. I believe these results 
are consistent, given the differences in geometry, target 
length and materials. 

I therefore have a reasonable degree of confidence in 
the following maximum dose conversion factors for a broad- 
beam irradiation, which they calculate: 

Proton Energy rad/proton crnm2 

20 GeV 1.5 x 10" 

200 GeV 2.2 x lo-' 



;: 
-2- 

(The term "maximum" refers to the maximum with& the 
person's body, which occurs on the downstream side; 
values averaged along the beam are about 20% lower. The 
maximum values are more appropriate to a one or two 
pulse irradiation.) 

3. So far we have only talked about energy deposition, or. 
rads. The legal unit of radiation exposure, the rem, 
was designed to be a better measure of biologicaleffects 
of radiation. To construct rems from rads, the energy 
deposited by each particle is weighted by a "quality 
factor" which depends on the rate of energy deposition 
(dE/dx) of that particle. 
1 for ef: and u', 

Quality factors range from 
to 20 for highly ionizing nuclear 

fragments. According to ref. 2, about 20% of the energy 
deposition from 200 GeV protons results from multiply 
charged nuclear fragments. (This is - 150 MeV per 
interaction via nuclear fragments.) If we take a quality 
factor of 20 for these fragments and 1 for everything 
else, the mean quality factor is: 

(j = 20 x 0.2 + 1 x 0.8 = 4.8 

Reference 2 actually calculates h = 3 at 20 GeV and 
Q = 5 at 200 GeV. Multiplying the rad conversion factors 
given above by these quality factors gives: 

Protons/cm* 
Proton Energy rem/proton cmm2 for 1 rem 

20 GeV 4.8 x lo-' 2.1 x lo6 

200 GeV 12 x lo-' 0.8 x 10' 

The numbers in the last column are the ones which you 
were questioning. 
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Fig. 3. Contributions to the absorbed dose for lOO-GeV normally 
incident protons. 
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Fig. 4. Contributions to the dose equivalent for lOO-GeV normally 
incident protons. 
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Fig. 11. Maximum and average absorbed dose and dose equivalent for 
normally incident protons 

(24j 
In addition to t 

? 
e present results, the results 

of Dmitrievsky et at., Alsmiller et al., I) and Wright et aZ.(2) are 
also shown. 



c 
. 

ORNL- DWG 72- 3999 
ABSORBED DOSE-PROTONS 

A SECONDARY PROTONS 0 HEAVY NUCLEI 
l PRIMARY IONIZATION 
0 CHARGED PIONS 

= ELECTRONS, POSITRONS, 
PHOTONS 

0 PHOTONS FROM NEUTRAL A MUONS 
PIONS 

10° 

100 10' 

ENERGY (GeVI 

IO3 

Fig. 7. Fractional contribution by various kinds of particles to the 
average absorbed dose produced by normally incident protons at various 
energies. 
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Fig. 8. Fractional contribution by various kinds of particles to the 
average dose equivalent produced by normally incident protons at various 
energies. 
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